Metabolism of glyphosate (N-phosphonomethylglycine) by Pseudomonas sp. strain LBr, a bacterium isolated from a glyphosate process waste stream, was examined by a combination of solid-state '3C nuclear magnetic resonance experiments and analysis of the phosphonate composition of the growth medium. Pseudomonas sp. strain LBr was capable of eliminating 20 mM glyphosate from the growth medium, an amount approximately 20-fold greater than that reported for any other microorganism to date. The bacterium degraded high levels of glyphosate, primarily by converting it to aminomethylphosphonate, followed by release into the growth medium. Only a small amount of aminomethylphosphonate (about 0.5 to 0.7 mM), which is needed to supply phosphorus for growth, could be metabolized by the microorganism. Solid A number of bacteria have been found recently that degrade phosphonates (compounds that contain a C-P bond), including glyphosate (N-phosphonomethylglycine), a potent, widely used, broad-spectrum herbicide. The earliest studies of bacterial metabolism of glyphosate were performed with mixed bacterial cultures of soil-water mixtures to simulate the ecological fate of glyphosate in soil (9, 12, 15 . The first step in this pathway has recently been shown to involve cleavage of the C-P bond of glyphosate to produce sarcosine (7, 10, 14) , which is then converted to glycine by a sarcosine oxidase-dehydrogenase. A second group of bacteria, represented by a Flavobacterium sp. strain GDI (1), as well as the earlier-reported mixed bacterial cultures from soil (9, 12), degrade glyphosate by cleaving its carboxymethyl carbon-nitrogen bond to produce AMPA. Some of the AMPA generated in this way can be further metabolized, providing phosphorus for growth, although the amount eliminated is typically set by the phosphorus requirement of the bacterium in question.
A number of bacteria have been found recently that degrade phosphonates (compounds that contain a C-P bond), including glyphosate (N-phosphonomethylglycine), a potent, widely used, broad-spectrum herbicide. The earliest studies of bacterial metabolism of glyphosate were performed with mixed bacterial cultures of soil-water mixtures to simulate the ecological fate of glyphosate in soil (9, 12, 15) . More recent studies of glyphosate-degrading bacteria have involved selection for, and isolation of, pure bacterial strains with enhanced or novel detoxification capabilities for potential uses in the biotechnology industry, such as, for example, removal of glyphosate from process waste streams or facilitation of the development of glyphosate-resistant crop plants based on detoxification of glyphosate.
Bacteria degrade glyphosate in two general ways ( Fig. 1 ), leading to the intermediate production of either glycine or aminomethylphosphonate (AMPA). Microorganisms known to degrade glyphosate by way of glycine include Pseudomonas sp. strain PG2982 (5, 6) and Arthrobacter sp. strain GLP-1 (10) . The first step in this pathway has recently been shown to involve cleavage of the C-P bond of glyphosate to produce sarcosine (7, 10, 14) , which is then converted to glycine by a sarcosine oxidase-dehydrogenase. A second group of bacteria, represented by a Flavobacterium sp. strain GDI (1) , as well as the earlier-reported mixed bacterial cultures from soil (9, 12) , degrade glyphosate by cleaving its carboxymethyl carbon-nitrogen bond to produce AMPA. Some of the AMPA generated in this way can be further metabolized, providing phosphorus for growth, although the amount eliminated is typically set by the phosphorus requirement of the bacterium in question.
In this paper, we describe the glyphosate-degrading prop ( We refer to the carboxymethyl methylene carbon as C-2 and the phosphonomethyl carbon as C-3 in the glyphosate molecule.) Analysis of the growth medium at harvest time showed that 0.86 mM glyphosate had been metabolized and that 0.62 mM AMPA had been generated, which indicated the metabolism of about 0.25 mM AMPA by cells. Four narrow lines appeared in the spectrum at 170, 69, 44, and 23 ppm, which were previously shown to be due to poly(,-hydroxybutyrate) present in the cells (4) . The overall appearance of this spectrum was quite similar, in fact, to that of Pseudomonas sp. strain LBr grown on 13C-natural-abundance glyphosate (cf. Fig. 1 of reference 4) , although the total signal intensity was about 50% greater. (Comparison of signal intensities required that the spectra be normalized for differences in sample weight and number of scans before integration.) Subtraction of the normalized 13C-natural-abundance spectrum (not shown in Fig. 3 (Fig. 3B, top) showing only signals for uptake and cellular metabolism of the labeled glyphosate. A difference spectrum (Fig. 3A, top) (B) . The spectra at the bottom were obtained by using a DCPMAS pulse sequence with a proton-carbon Hartmann-Hahn match of 2 ms, a carbon spin lock of 3 ms, and the nitrogen radiofrequency field held off resonance. The DCPMAS difference spectra shown at the top were obtained by using a DCPMAS pulse sequence with the nitrogen radiofrequency field held alternatively off and on resonance. DCPMAS spectra displayed at the very top had a gain of 10 over those shown directly below them.
degraded. Only a small amount of AMPA (about 0.5 to 0.7 mM), needed to supply phosphorus for growth, is further metabolized by Pseudomonas sp. strain LBr.
Since glyphosate and AMPA are both negatively charged species at neutral pH, transport of these compounds across a lipid bilayer, such as the plasma membrane of a cell, is likely to be a highly regulated process. Pipke et al. (11) One explanation for this capability is that the phosphonatase generated by the bacterium for breaking down small amounts of AMPA needed to supply phosphorus for growth is also capable, at least in this microorganism, of directly acting on glyphosate as a substrate for the phosphonatase reaction. The product of this reaction would, as is the case with AMPA, yield direct phosphorus for growth, and therefore the amount of glyphosate degraded by this pathway could inevitably be limited by the phosphorus requirement of the cell. Based on the amount of AMPA that Pseudomonas sp. strain LBr is capable of clearing from the medium (containing AMPA as the sole phosphorus source), no more than about 0.5 to 0.7 mM glyphosate could be metabolized in this way, even assuming that no AMPA (from the breakdown of glyphosate to AMPA) was separately used as a source of phosphorus. Consequently, partitioning of glyphosate between the two degradative pathways would naturally favor breakdown to AMPA, which does not lead to any discernible inhibition of enzyme activity or down-regulation of the genes involved in the process. We did not attempt in these experiments to determine a limit to the amount of glyphosate that Pseudomonas sp. strain LBr is capable of eliminating from the growth medium.
As This would seem to imply that the genes coding for breakdown of glyphosate to AMPA and for breakdown of AMPA to its products are located on the same operon, which is regulated by phosphate (or a phosphate-derived corepressor molecule). In any event, it would be useful if glyphosate detoxification in Pseudomonas sp. strain LBr could be uncoupled from phosphorus regulation, since this would open up the possibility of selecting for a mutant strain of Pseudomonas sp. strain LBr that expresses far higher levels of the glyphosate-degrading enzyme than is observed with the wild-type strain. Selective pressure could involve use of glyphosate as the sole carbon or nitrogen source and might yield a strain that would be easier to handle in experiments aimed at identifying, and cloning, the gene (or genes) involved in detoxification of glyphosate. Balthazor and Hallas (1), working with a different AMPA-generating bacterium isolated from activated sludge, found that, if properly handled, cells could be made to continue breaking down glyphosate to AMPA even in the presence of added phosphate. Thus, at least for one other known organism, the breakdown of glyphosate can be uncoupled from phosphate regulation.
The ability of Pseudomonas sp. strain LBr to detoxify high levels of glyphosate suggests that it may be useful for the genetic engineering of glyphosate resistance in plants. Of course, this prospect will depend, ultimately, on the nature and properties of the glyphosate-degrading enzyme that is present in Pseudomonas sp. strain LBr.
